The growth of a virulent strain of Brucella abortus was stimulated by low concentrations of erythritol in a medium containing high concentrations of glucose and a wide range of amino acids. During growth in this medium the organisms used about 14 times their weight of erythritol as a carbon and energy source. The effect of erythritol was specific, since several C, to C, homologues had no growth-stimulating activity. Radiotracer studies showed that a large proportion of the carbon of the erythritol was excreted as carbon dioxide; that remaining in the organisms was fairly uniformly distributed over all components. Erythritol and 2-deoxy-2fluoro-DL-erythritol inhibited incorporation of glucose by the organism. Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Thu, 13 Dec 2018 14:12:44 110
INTRODUCTION
In bovine brucellosis the preferential growth of Brucella abortus in certain foetal materials (placenta, chorion, the fluids) appeared to be due to the presence in these tissues of erythritol, a growth stimulant for B. abortus which is absent from maternal tissues ; Pearce et al. 1962 ; . This polyol had already been shown to be the best of nine carbohydrates tested as a sole carbon source for the growth of Brucella in a simple medium (McCullough & Beal, 1951) . Further work showed that the course of brucellosis in other animal species might also be explained by the presence of erythritol in susceptible tissues (Keppie, Williams, Witt & Smith, 1965) . The importance of erythritol metabolism by B. abortus in animal infections prompted the present in vitro investigation and influenced the choice of experimental conditions. The effect of erythritol has been studied during the growth of a virulent strain ( 5 4 4 ) of B. abortus in a complex defined medium containing adequate carbohydrate in addition to erythritol. Kinetic and radiotracer stixdies soon showed that, despite the presence of an optimum amount of glucose, B. abortus used erythritol as a carbon and energy source. The growth-stimulating effect of small quantities of erythritol (0.001 ,umole/ml.) previously reported ; Pearce et al. 1962) had occurred because only correspondingly small populations were studied. Hence, the uptake and subsequent fate of erythritol have been investigated together with the influence of erythritol on glucose metabolism. This work was reported briefly elsewhere (Anderson & Smith, 1963) and is complemented by parallel work on the effect of erythritol analogues on the growth of B. abortus (Smith et al. 1964 ).
Dejhed media. The medium shown in Table 1 is a modification of that of Rode, Oglesby & Schuhardt (1950) ; the large glutamic acid component (3000 ,ug./ml.) was replaced by ammonium sulphate and additional glucose. The stimulatory effect of erythritol could not be demonstrated in the original medium and, although smaller amounts of glutamic acid (10-1000 ,ug./ml.) did not interfere with the erythritol effect, all glutamic acid was excluded from the medium. A stock medium (4 x strength, without biotin) was stored at -25". When required, biotin was added to the diluted stock medium adjusted to pH 6.8, and the medium sterilized by filtration through a double layer of Oxoid membrane filter (Grade AP; Oxoid Ltd.) Any modifications of the chosen medium were stored and sterilized in a similar manner.
Growth of Brucella abortus irz a liquid medium, with and without erythritol. Apparatus was washed successively in detergent, chromic + sulphuric acid, water, nitric acid and distilled water, then sterilized at 160" for 2 hr. Inoculated medium (4.9 ml.) and various concentrations of erythritol in Locke's solution (0.1 ml.) were placed in flasks (25 ml.) plugged with gauze-covered cottonwool. The flasks were shaken ( 5 cm. throw, 100 oscillations/min.) at 37" in gas-tight aluminium boxes filled with humidified 5 % CO, in air. Flasks were removed for examination at intervals up to 60 hr. IP for populations greater than 1 x lo8 bacterialml.; the Unicam (S.P. 500) spectrophotometer with the 4 cm. cell for populations down to 2 x lo7 bacteria/ml.) after treatment with formalin (3 %, v/v; 30 min.). A linear relation between extinction readings and Helber chamber counts was obtained for the range 2 x lo7 to 5 x 109 bacterialml. (statistical analysis by Mr S. Peto) ; and this relation, originally determined on cultures without erythritol, held for cultures of Brucella abortus grown with various concentrations of erythritol and examined before and after the erythritol had been depleted. Comparison of Helber chamber counts and viable counts (on tryptic meat agar-with 5 y' peptic sheep blood) showed the bacteria to be greater than 85 yo viable.
2.05 x l O l o organisms weighed 1 mg. (log-phase bacteria treated with formalin 3 yo, v/v, washed twice with water, then dried at 105'). This relation did not change significantly when the bacteria were grown with erythritol. Populations below 2 x 1 0 7 bacteria/ml. were estimated by viable counts.
Examination of culture Jiltrates for erythritol, erythrose and erythrulose. Cultures
were filtered through Oxoid (grade A.P.) membranes, de-ionized by passage through a mixed bed of Amberlite IR-120 (H) and Permutit deacidite-G (HCO,) ionexchange resins, then submitted to paper chromatography. Chromatograms were treated with silver nitrate and sodium hydroxide reagents (Trevelyan, Proctor & Harrison, 1950) or p-anisidine and periodate (Bragg & Hough, 1958) reagents. Control experiments showed that, despite the large concentration of glucose in the medium, erythritol, erythrose or erythrulose at 0.1 pmole/ml. could be detected in culture filtrates.
Erythritol homologues. ' AnalaR ' grade glycerol was supplied by British Drug
Houses Ltd (Poole, Dorset). DL-threitol was prepared from 1,2-3,4-dianhydro-~~threitol supplied by Dr G. M. Timmis. Ribitol (adonitol), D-glucitol (sorbitol), D-galactitol (dulcitol) and D-mannitol were supplied by George T. Gum Ltd, London, and D-and I,-arabitol by Mann Research Laboratories Inc. New York. For growth studies, solutions of the homologues (1 ml. containing 5 pmole) in the defined medium were mixed with the inoculated medium (4 ml. in 25 ml. flasks) then treated as described previously for studies with erythritol.
[ Grade ' dioxane, formamide, and a dioxane-based scintillator (NE 220) were obtained from Nuclear Enterprises (G.B.) Ltd, Edinburgh. The solvents were stored under oxygen-free nitrogen but the polythene tubes were not flushed with nitrogen during assay. Replicate counts agreed within & 3 yo, but counting efficiencies (about 30-60 yo) varied with the nature of the solvent mixture in which the experimental sample was examined. Thus, comparisons of experimental samples with standard amounts of radiotracer were made in identical solvent mixtures. Since some mixtures were non-aqueous, standards were dissolved in dioxane, which could be included in every solvent system. More than 104 counts were determined for each sample and appropriate background and coincidence corrections applied.
The radioactivity of aqueous solutions or suspensions (0.5 ml.) was measured after mixture with formamide (0.5 ml.), dioxane (4 ml.) and scintillator ( 5 ml.) The forrnamide and dioxane decreased the possibility of phase separation in saline solutions. Any suspensions which were assayed in these aqueous systems were insufficiently dense to affect the counting efficiency. Samples in organic solvents (1 ml.) were mixed with dioxane (4 ml.) and scintillator ( 5 ml.) for assay. Insoluble protein residues (5-20 mg.) from the solvent extraction of bacteria (see below) were dispersed in hot 6 N-HCl (1-5 ml. at 100'). Portions (0.5 ml.) of this suspension were mixed with water (1 ml.) and 1.0 M-hyamine hydroxide (1 ml.; see below). Portions (1 ml.) of this mixture with added dioxane (4 ml.) and scintillator ( 5 ml.) were assayed as described above for organic solutions.
[14C]-Carbon dioxide (see below) was absorbed in a methanolic solution (0.3 M) of hyamine hydroxide (2-methyl-4-( 1,1,3,3-tetramethylbutyl)-phenoxy-ethoxy-ethyldimethylbenzyl ammonium hydroxide ; Passmann, Radin & Cooper, 1956) for assay as described above for organic solvents.
Estimation of radiotracer in cornponernts of proteirn hydrolysates. Two-dimensional chromatograms of protein hydrolysates were placed against X-ray film (Ilford, Industrial G, 14 x 17 in.) in a suitable holder. After an appropriate exposure, the developed film was used to locate the individual spots; these were cut out and placed with water (0.5 ml.) in assay tubes. The tubes were gently agitated for a few minutes and the radiotracer determined after addition of formamide (0.5 ml.), dioxane (4 ml.), and scintillator ( 5 ml.). Duplicate chromatograms sprayed with ninhydrin reagent were used to identify the spots by comparison with standard mixtures of amino acids.
Collection of 14C0, produced during growth of Brucella abortus on [ U-14C]-erythritol. Narrow-necked conical flasks (100 ml.) with rubber stoppers and provided with inlet and outlet tubes were joined to cottonwool filters by thick-walled rubber tubing. Gas flow through this tubing could be blocked with double screw clips. The length of the tubing was kept as short as possible to minimize loss of CO, by diffusion through the rubber. Suspensions (10 ml., containing 2 x lo7 bacterialml.) of the organism in medium (containing 0.5 ,umole/ml. and 0.02 ,uC/d. of [U-l4C]-erythritol) were placed in the flasks. A stream of 5 yo CO, in air (0.5 l./min. for 2 min.) was introduced and the clips on the inlet and outlet tubes were then closed. The whole apparatus was then shaken at 37" in the aluminium boxes already described.
At intervals, flasks were removed and gently agitated whilst their atmospheres were flushed out with a stream of air (0.5 1. over 2 min.). To remove remaining traces of 14C02, carbon dioxide (5ml.) was flushed in with a little air and after agitation for a further minute the flasks were again flushed out with air (1.0 1. over 2 min.). Carbon dioxide displaced from the flasks was trapped for measurement in a bubbler containing 0.3 M-methanoh hyamine hydroxide (25 ml.). This procedure removed all 14C02 from the apparatus. After removal of the 14C0, the extinction of the bacterial suspension was measured photometrically and bacteria and supernatant fluid separated by centrifugation (5000g for 20 min.) for radio-assay.
Examination of fractions of Brucella abortus for the presence of radiotracer derived from [ U-14C]-erythritol Growth of organisms. Cultures (30 x 100 ml. flasks each containing 10 ml. medium) of Brucella abortus (inoculum 5 x 10' bacteria/ml.) containing [U-14C]erythritol (1 ,umole/ml., 0.04 ,uC/ml.) were grown overnight in shake flasks as described previously until about 80 yo of the erythritol had been used. The bacteria were harvested by centrifugation, washed twice with water, then fractionated as described below and the weights and radiotracer content of the various fractions determined.
Method of fractionation. A convenient method for the solvent fractionation of Brucella abortus was developed from that of Roberts et al. (1957) . A portion (equiv. about 10 mg. dry weight) of the washed bacterial suspension was dried (looo, 30 min. to halt enzyme action; then as described below) and the remainder (equiv. about 20 mg. dry weight) was treated with 5 yo (w/v) trichloroacetic acid (10 ml.) in a tared centrifuge tube. After 10 min. insoluble material was centrifuged down, washed twice with water, dried and weighed. The residue from this extraction was treated successively with methanol (10 ml.) and methanol +chloroform (1 + 2 by vol. ; 10 ml.) then centrifuged down, dried, and weighed. The methanol +chloroform mixture (Folch et al. 1951) appeared to extract all lipid, since no appreciable amounts of bound lipid were removed by a mixture of ether + ethanol + conc.
HCl (450 +300 + 13, by vol. ; Stahl, Pennell & Huddleson, 1939) , or by extraction with ether after refluxing with methanol +water (19 + 1, by vol. ; Reichert, 1944) .
The residue from the lipid extraction was treated with hot trichloroacetic acid ( 5 yo, w/v; 10 ml. at 90' for 15 min.) then centrifuged down, washed twice with water, dried and weighed.
All fractions were dried to constant weight under reduced pressure over phosphoric oxide and paraffin chips. The lipid solvents were removed in a stream of warm nitrogen before the fraction was dried. To obtain preliminary information on the chemical nature of the fractions a large quantity (3 g. dry weight) of bacteria was grown on a defined medium (Rode et al. 1950) without erythritol and extracted and examined in a similar way.
Analysis of fractions. Hydrolyses in sealed tubes were carried out with N-H,SO,
( looo, 18 hr, neutralized with BaCO,), N-NaOH (loo", 3 hr, neutralized with Amberlite IR-120 (H) ion exchange resin) and 6 N-HCl (looo, 18 hr, dilute, filter, then concentrated to dryness to remove excess acid) as appropriate. Sugars and polyols were identified by single dimension chromatography in several solvents. Free sugars were detected with p-anisidine spray reagent (Hough, Jones & Wadman, 1950) and polyols with periodate and anisidine (Bragg & Hough, 1958) and periodate-Schiff's reagents (Baddiley, Buchanan, Handschumacher & Prescott, 1956) . Phosphates were detected with molybdate + perchloric acid reagent (Hanes & Isherwood, 1949) .
Our colleague Mr A. G. Ness identified amino compounds by two-dimensional paper chromatography and confirmed the identity of a,€-diaminopimelic acid (Powell & Strange, 1956) ; amino compounds were detected with ninhydrin reagent (Consden & Gordon, 1948) . Similar protein hydrolysates were examined by auto-radiography, as described above.
The [14C]-content of purine ribose was determined by dilution analysis. A portion ( 5 ml.) of the hot trichloroacetic acid extract (10 ml.) with ribose carrier (100 mg.) was refluxed with N-HC~ (1 hr a t loo"), de-ionized, and concentrated to yield ribose on crystallization from aqueous acetone. The specific activity of this ribose remained unchanged on further recrystallization.
Further analyses were made on samples from the large scale preliminary fractionation which could not be performed on the smaller available quantities of radioactive fractions. These analyses included : nitrogen (Nesslerization after Kjeldahl digestion) ; total phosphorus (after perchloric acid digestion; King, 1951) ; protein (Lowry et al. 1951 ; against human serum albumin as a standard after dispersion in N-NaOH at 100' for 5 min.); polysaccharide as glucose (Dische, 1955 Efect of erythritol and 2-deoxy-2-Juoro-DL-erythritol on glucose incorporation by Brucella abortus. To obtain a measurable uptake of radioactivity by the comparatively small amount of bacteria (this is limited by the available erythritol), the normal glucose content (39 ,umole/ml.) of the defined medium had to be decreased and [U-14C]-~-glucose of high specific activity had to be used. The modified medium contained [U-14C]-~-glucose ( 5 ,umole/ml., 0.2 ,&/mi.) with additional NaCl (1 mg./ml.). This medium (1 ml.) alone, or containing either erythritol (10 ,urnole/ ml.) or 2-deoxy-2-fluoro-~~-erythritol (10 ymole/ml.), was dispensed into flasks (100 ml.). Additional medium (9 ml.) inoculated with the organism (1.0 x 10s bacteria/ml.) was then added and growth under the standard conditions in shake culture determined as described previously. Heat-killed bacteria ( 60", 1 hr, 3.5 mg. dry wt) were added as carrier to portions (9 ml.) of the suspensions of radioactive bacteria. After centrifugation (5000g; 20 min.) the bacteria were washed (original medium containing [12C]-~-glucose instead of the radiotracer; 10 ml.) and suspended in formol saline (3 yo, v/v) for radio-assay. The heat-killed bacteria did not absorb radiotracer when added alone to the labelled medium.
Short-term uptake of [ U-14C]-erythritol and [ U-14C]-~-glucose by dense
suspensions of Brucella abortus Apparatus. 'Medical flat' bottles ( 8 02.) were provided with metal screw tops in which were punched several small holes so that, although the punched cap with its intact rubber washer formed a secure seal, samples of the contents could be removed with a hypodermic syringe. A slight vacuum was maintained in the bottles and a tight rubber cap was fitted over the top to prevent contamination during sampling. Bottles were filled and handled at 37" and during the uptake studies were rotated end over end (60 rev./min.).
Uptake of [ U-14C]-erythritol. The virulent organism (Brucella abortus strain 544) was grown on standard medium supplemented with erythritol 1 pmole/ml. and harvested by centrifugation before the erythritol was depleted. After re-suspension in fresh medium, the suspension was rotated in the 'medical flat' ( 5 yo CO, in air) for 10 min. before injection of [U-14C]-erythritol through the cap. A sample (4 ml.) of the bacterial suspension (initially 60 ml. containing equiv. 200 pg. dry weight bacteria/ml. and [U-14C]-erythritol 0.5 pmole/ml., 0.020 pC/ml.) was withdrawn immediately and further samples were taken at convenient intervals over 40 min. The samples were filtered quickly through a double 'Oxoid' membrane (grade A.P.) to separate the culture medium for determination of radiotracer loss.
Uptake of [ U-14C]-D-glucose in the presence and absence of erythritol. Cells were grown as described above for the virulent strain of Brucella abortus and the uptake of [U-14C]-~-glucose was studied in a similar manner. The quantity of bacteria required for this work (i.e. those harvested during log phase before erythritol depletion) was limited. Hence, to obtain a measurable loss of radiotracer from the medium by the relatively small quantity of bacteria, the concentration of glucose in the normal medium (39 mole/ml.) had to be drastically decreased. One 'medical flat' contained bacteria (equiv. 200 pg. dry weightlml.) and the defined medium with the glucose content decreased to 0.5 ,umole/ml. (0.02 ,uC/ml.). A second ' medical flat' contained the same system with added erythritol (0.5 pmole/ml.).
Examination of a hot water extract of Brucella abortus for erythritol. The organisms were grown in the presence of [U-14C]-erythritol as described previously. The washed bacteria (equiv. about 20 mg. dry weight) were treated with water (10 ml.) a t 100"; the extract was de-ionized, treated with Na,CO, (2 yo, w/v; looo; 30 min.) and then de-ionized again (Adcock, 1957) . The concentrated extract was examined chromatographically for radioactive erythritol.
Attempts to obtain broken-cell preparations which would metabolize erythritol. Organisms were grown on the standard medium supplemented with erythritol (1 pmole/ml.) and harvested by centrifugation before depletion of the erythritol. The bacteria were disrupted by disintegration of a suspension with glass beads (apparatus by H. Mickle, Hampton, Middlesex), by alternate freezing and thawing (Gerhardt et al. 1953) and by disintegration of a frozen suspension in a suitable press (Hughes, 1951) .
The various preparations (final concentrations equal to whole bacteria, 1 mg./ml. were incubated (37") with, and without, glucose ml., 0.02 ,uC/ml.) Samples (1 ml.) withdrawn a t intervals up to 30 min. were heated (looo, 2 min.) to halt enzyme activity then diluted to 5 ml. and filtered through Oxoid membranes (grade AP). The filtrate was treated (loo", 2 hr) with Biodeminrolite (Permutit Co. Ltd, London, W. 4) mixed-bed ion-exchange resin (2 g . ) to remove ionic compounds and sugars from polyols (Anderson, Andrews & Hough, 1961) . After dilution to 10 ml. the radiotracer content of the supernatant fluids were determined as a measure of their erythritol content, on the assumption that products of erythritol metabolism would be associated with the cell debris or be removed by the mixed-bed resin.
RESULTS
The metabolism of erythritol by Brucella abortus during growth in the presence of a n optimum (high) concentration of glucose In previous work with small inocula (see references in Introduction) minute quantities of erythritol (less than 0.01 ,umole/ml.) stimulated the growth of Brucella abortus in bovine phagocytes and in laboratory media. Similarly, in the present work with a defined medium, small quantities of erythritol (0.005 ,umole/ml.) had a significant effect on the growth of B. abortus provided that the inoculum was small (about 1 x 104 bacteria/ml.). However, larger quantities of erythritol were needed if the inoculum was to be sufficiently large (about 2.5 x lo7 bacteria/ml.) to allow increases in growth to be followed turbidimetrically. Fig. 1 shows the effect of various concentrations of erythritol on the growth of Brucella abortus strain 544. Stimulation of growth continued for a period which was determined by the original concentration of erythritol. After this period, the growth rate approached that of the control. These results suggest that, despite the presence of an optimum high concentration of glucose, erythritol was a main carbon or energy source and had been exhausted a t the points of inflexion of the curves. Examination of culture filtrates obtained in similar growth experiments with various concentrations of erythritol up to 5 ,umole/ml. confirmed that at the points of inflexion of the growth curves all detectable erythritol had disappeared. At these inflexion points, the ratios of erythritol used to dry weight of bacteria formed were from 1 : 1.4 to 1 : 2.0. A similar large usage of erythritol by B. abortus was confirmed in experiments with small inocula (about 1 x lo4 bacterialml.).
Although a large quantity of erythritol was needed to produce the growth stimulation of Brucella abortus in this system containing glucose, too high an initial concentration of erythritol (about 10-50 ,umole/ml. for an inoculum of 5 x 107 bacteria/ml.) was inhibitory. For this reason, the initial concentration was related to the size of the original inoculum to produce the maximum stimulation of growth. Erythritol concentrations up to 5 ,umole/ml. have been used in this work.
The speciBcity of the eflect of erythritol ow. Brucella abortus in a medium containing glucose A wide range of erythritol homologues had little effect on the growth of the organism in this medium containing glucose ( Table 2 ). This specificity of growth enhancement by erythritol was supported by the inhibition of the growth of Brucella abortus, in vitro and in zfivo, by analogues of erythritol (Smith et a!. 1964) . The effect of one of these analogues (2-deoxy-2-fluoro-~~-erythritol) on glucose utilization by On: Thu, 13 Dec 2018 14:12:44 Erythritol metabolism by Brucella abortus 117 B. abortus will be discussed later; its inhibitory effect on growth and the annulment of this inhibition by addition of erythritol is shown in Table 2 .
The fate of erythritol when metabolized by Brucella abortus in the presence of glucose The results of radiotracer studies on the growth of Brucella abortus with [U-14C]erythritol (0.5 ,umole/ml.), shown in Fig. 2 , indicated that all erythritol had been depleted at [19] [20] hr; this was confirmed by analysis of the culture filtrates. At this time, the ratio of erythritol used to weight of organisms formed was 1 : 1.4 (see above). At 21 hr, the distributionof original activity was : bacteria 23 yo, medium37 yo, 100 ( + 5 ) * Material in the medium containing radiotracer has not been identified but paper chromatography has excluded the presence of significant amounts of erythrose or erythrulose which might have been formed by the partial oxidation of erythritol as occurs with Acetobacter suboxydans (Whistler & Underkofler, 1938) . Only small amounts of radiotracer were present in glucose and glycerol regions of autoradiograms, although large amounts of glycerol were excreted into the medium.
The results in Table 3 show that up to the time when the polyol was depleted only about one-quarter of the carbon content of the organisms (assumed to be 55 yo of the dry weight) was derived from erythritol despite the fact that the bacteria had used approximately 1 Q times their own weight of erythritol during growth.
The incorporation of [ U-14C]-erythritol into cell fractions of Bruce1 la abortus Table 4 summarizes the distribution of activity and the nature and yield of fractions obtained from Brucella abortus 544 grown in the presence of [U-14C]erythritol until about 80% of the erythritol had been depleted. Evidence on the chemical nature of fractions shown in Table 4 was supplemented by the following analyses (expressed as yo of dry weight of original bacteria) of the fractions obtained from a large quantity of B. abortus in a preliminary experiment : material soluble in trichloroacetic acid, 14 yo (containing diffusible material 70 % including 12 yo nucleotides, and 30 yo of non-diffusible material including 30 yo glucose and 10 yo protein); the lipid fraction, 11.4 yo (containing 53 % acetone-insoluble material, P, 2.6 yo ; N, 4.2 yo ; and 47 yo of an acetone-soluble material, P, 0.9 yo ; N, nil) ; the nucleic acid fraction, 10.5 % (containing 66 yo RNA and 34 yo DNA) ; and the insoluble residue, 66 % (containing 98 % protein).
The even distribution of radiotracer over all fractions is apparent. Further evidence that radiotracer was evenly distributed within the solvent fractions was provided by the study of two selected cases, namely, the purine-bound ribose of the nucleic acids and the amino acids obtained on hydrolysis of the protein residue, The purine-bound ribose contained 17 yo of the total radioactivity and made up 18 yo of the total carbon in this fraction (assuming the fraction was 67 yo RNA and 26 yo of the RNA carbon was in purine-bound ribose). The distribution of radioactivity in the amino acids of the protein fraction (see Table 5 ) roughly correlated with the relative amounts of the individual components (estimated by visual comparison of spots on paper chromatograms). No single amino acid appeared to contain an undue proportion of the radio-activity. Table 6 show that erythritol and the fluoro analogue depressed the percentage incorporation of glucose by the organism but that once the erythritol had been depleted the incorporation approached that of the control. 
The short-term uptake of [ U-14C]-erythritol and [ U-14C]-~-glucose by dense suspensions of Brucella abortus
One reason why erythritol was used preferentially by Brucella abortus in the medium containing glucose might have been that erythritol entered the bacteria more rapidly than did glucose. Hence short-term uptake experiments were done, but, for reasons described in Methods, uptake of glucose could not be studied a t the high concentration normally present in the medium used in most of this work (39 ,umole/ml.). Nevertheless, the curves in Fig. 3 show that, at a glucose concentration (0.5 ,umole/ml.) equal to that of the erythritol, the rate of loss of glucose from the medium was only about half that of erythritol. The curves in Fig. 3 show that there was no initial rapid uptake of erythritol (or glucose), indicating no significant accumulation of free polyol and that the rates of uptake and metabolism were balanced. This was supported by the absence (less than 0-0005% of the dry weight) of free erythritol from hot water extracts of bacteria which had been grown with [U-W]-erythritol and from the cold trichloroacetic acid extract of the solvent fractionation procedure. Erythritol had no appreciable effect on the total uptake of glucose (see Fig. 3 ) but since the growth rate was increased by erythritol the % incorporation of glucose into the organism was decreased (see above).
Attempts to demonstrate metabolism of erythritol by broken-cell suspensions. The three broken-cell preparations described in Methods did not appear to metabolize [U-l4C]-erythritol under the experimental conditions.
DISCUSSION
The stimulatory effect described previously of very small quantities of erythritol on the growth of Brucella abortus was observed because small populations were used in those preliminary investigations (references in Introduction). Work with larger populations has now shown that, in fact, B. abortus utilizes about 14 times its own weight of erythritol. This utilization occurred during growth in a medium which contained a large excess of amino acids (1180 pg./ml.) and an optimum concentration of glucose (7000 pg./ml.). In most experiments initial glucose : erythritol ratios were approximately 115 : 1 ; in experiments with small inocula these ratios were much higher (10,000:1) and rose even further as the erythritol was preferentially consumed. Obviously erythritol is a main carbon and energy source for B. abortus, which appears to have a mechanism for the preferential uptake or metabolism of erythritol in the presence of an excess of glucose and other potential metabolites. Sorbitol and fructose are found along with glucose in bovine foetal fluids and it was interesting that the stimulatory effect of erythritol still took place when glucose was replaced by either of these carbohydrates.
The effect of erythritol appears to be highly specific since several of C, to C, homologues had no stimulatory effect and Smith et al. (1964) showed that erythritol annulled the inhibition of the growth of Brucella by analogues of erythritol.
Radiotracer studies confirmed that erythritol was used as a general carbon and energy source. A large proportion of the radiotracer was converted to carbon dioxide and the tracer in the cell substance was fairly evenly distributed over all cell components; erythritol is thus probably broken down to small units during metabolism.
Efforts to show that the preferential usage of erythritol was due to a more rapid entry than glucose into the cell were inconclusive. ,4s yet no cell-free system has been obtained which will metabolize erythritol and the influence of permeability cannot therefore be assessed. Furthermore, comparison of the short-term uptake of erythritol and glucose could not be conducted with the normal very high concentration of glucose ; experiments with low glucose concentrations indicated that the rate of uptake of the two carbohydrates was not very different. The absence of detectable amounts of erythritol within the bacteria suggests that the rate of metabolism was not slower than that of permeation, which might well be the ratedetermining factor.
A connexion between erythritol metabolism and glucose metabolism was indicated by the inhibitory effect of erythritol and 2-deoxy-2-fluoro-DL-erythritol on glucose incorporation. This might have been an effect on carbohydrate transport, but another possible mechanism is the inhibition of phosphoglucose isomerase or transketolase by erythrose-4-phosphateY a possible product of erythritol metabolism (Grazi, Deflora & Pontremoli, 1960; Dische & Igals, 1961) .
No evidence was obtained about the mechanism of erythritol metabolism in Bruslella abortus. Oxidation to erythrose-4-phosphate would be a possible entry point into the pentose phosphate cycle (Horecker, Smyrniotis, Hiatt & Marks, 1955 ). On the other hand, the degree of incorporation of radiotracer into ribose and the wide distribution of activity in B. abortus\ suggests that the immediate products of erythritol metabolism enter the tricarboxylic acid cycle by a more direct route. A more selective pattern of incorporation of the radiotracer would probably have occurred if much carbon dioxide from erythritol metabolism had been re-utilized (Newton, Marr & Wilson, 1954; Tepper & Wilson, 1958) . Metabolism of erythritol might occur by a reversal of mechanisms known to produce erythritol or its immediate oxidation products, e.g. the aldol condensation of formaldehyde and dihydroxyacetone to an erythrulose-1-phosphate (Charalampous, 1954 ; Peanasky & Hardy, 1958) , the metabolism of hydroxypyruvic acid to L-erythrulose (Dickens & Williamson, 1956) , the metabolism of dihydroxymaleic acid to D-erythrose and D-erythrulose (Akabori, Uehara & Muramatsu, 1952) , and the dismutation of D-erythrose into D-erythronic acid and erythritol (Uehara, Sugeno & Mizoguchi, 1963) .
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